Concanavalin A (ConA), one of the most studied plant lectins, is formed in jack bean (Canavalia ensiformis) seeds. ConA is synthesized as an inactive glycoprotein precursor proConA. Different processing events such as endoproteolytic cleavages, ligation of peptides and deglycosylation of the precursor are required to generate the different polypeptides constitutive of mature ConA. Among these events, deglycosylation of the prolectin appears as a key step in the lectin activation. The detection of deglycosylated proConA in immature jack bean seeds indicates that endoproteolytic cleavages are not prerequisite for its deglycosylation. Both the structure of the lectin precursor N-glycans Man 8±9 GlcNAc 2 and the capacity of Endo H to cleave these oligosaccharide from native proConA in vitro favoured Endo H-type glycosidases as candidates for proConA deglycosylation in planta. Evidence for pH-dependent changes in the prolectin folding were obtained from analysis of the N-glycan accessibility and activation of the deglycosylated lectin precursor in acidic conditions. These data are consistent with the observation that both deglycosylation and acidification of the pH are the minimum requirements to convert the inactive precursor into an active lectin.
Introduction
Concanavalin A (ConA), one of the major seed proteins of jack bean (Canavalia ensiformis), is a lectin studied extensively since its discovery in 1919. ConA presents a high af®nity for high-mannose-type N-glycans. Two different binding sites for these glycans were identi®ed.
A high af®nity site speci®c for the a-1,6 mannose linked to the core a-mannose residue of the trimannosyl moiety of N-glycans (primary site), and a lower af®nity for the a1,3 mannose of the same sequence (secondary site) (Bhattacharyya et al., 1987; Naismith and Field, 1996) . ConA has been shown to crystallize as a tetramer of identical 238 amino acid (M r 25.500) monomers (Edelman et al., 1972) . In solution, there is a dimer± tetramer equilibrium that is pH dependent. This lectin is a tetramer above pH 7 and a dimer below pH 6 (McKenzie et al., 1972) . Molecular distribution analysis of ConA obtained by sedimentation equilibrium did not indicate the presence of any oligomer species larger than the tetramer. Furthermore, only the dimer and tetramer of ConA are observed by the electrospray ionization mass spectometry (Light-Wahl et al., 1993) .
The lectin monomer is synthesized as a 34 kDa glycoprotein precursor, proconcanavalin A (proConA), which is transported from the lumen of the rough endoplasmic reticulum through the Golgi apparatus to the vacuolar compartment (Herman et al., 1985) . The comparison of the amino acid sequence of proConA deduced from its cDNA sequence, with the amino acid sequence of mature ConA, indicates that the lectin precursor is processed to a protein with lectin activity through (i) the endoproteolytic cleavages of an internal peptide and a C-terminus peptide, and (ii) the ligation within the original polypeptide in circular permutation (Carrington et al., 1985; Chrispeels et al., 1986; Bowles et al., 1986) . This proteolytic processing and the removal of the N-glycan convert the non-active glycoprotein lectin precursor into the carbohydrate binding ConA. Despite its complexity, this processing apparently occurs without a large change in the three-dimensional structure of proConA (Carrington et al., 1985) .
Among the different post-translational modi®cations of ConA, deglycosylation appears to be a key step. In this respect, deglycosylation by a microbial peptide N-glycanase was found to be suf®cient for the activation of the lectin precursor (Sheldon and Bowles, 1992) . However, peptide N-glycanases isolated from plants are poorly active on native glycoproteins as compared to their high ef®ciency in glycopeptide deglycosylation (Taga et al., 1984) . Recently, the puri®cation and characterization of a jack bean N-glycanase was described, and the enzyme was shown to deglycosylate proConA in vitro (Sheldon et al., 1998) . In this paper, the identi®cation of N-glycans associated with the glycoprotein precursor proConA and the in planta characterization of a deglycosylaled form of proConA is reported. Experimental evidence shows that proConA N-glycans are fully accessible and that deglycosylation is necessary but is not suf®cient for the activation of the inactive prolectin into a mannosebinding lectin.
Materials and methods

Chemicals and materials
Jack bean (Canavalia ensiformis L. DC) seeds were obtained from the Central University of Venezuela. Endoglycosidase H was purchased from Boehringer, Bio-Gel P4 from Bio-Rad, ConA and a-mannosidase ( jack bean) were from Sigma and ovalbumin was from Serva. CNBr-Sepharose and ConASepharose were purchased at Pharmacia.
Preparation of seed extracts
Mature and immature (1±2 g fresh weight) jack bean seeds were lyophilized and stored at room temperature until use. Mature seeds were collected 120 d after¯owering (daf ). Immature seeds were collected between 40 and 50 daf. To study proConA maturation during seed development,¯owers of jack bean plants were marked at¯owering day in the ®eld. Twenty-eight daf, one fruit was harvested every day until maturation of fruit. Seed cotyledons were homogenized in a cold mortar in phosphatebuffered saline (100 mM phosphate buffer pH 7.4, 145 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 ). After removal of cell debris and walls by centrifugation (4000 rpm 3 20 min), the supernatant was either recovered, or frozen until use (crude extract) or used immediately to isolate microsomal (microsomal fraction), cytosolic and protein body proteins (soluble fraction) fractions as described previously .
Antibody production
Commercial ConA (Sigma) was subjected to preparative SDS-PAGE and the major polypeptide (M r 30 000) was electro-eluted for 18 h using a Bio Trap (Schleicher & Schu È ell) electro elution chamber. 200 mg of puri®ed ConA were injected into New Zealand white rabbits subcutaneously with complete Freund's adjuvant. Three other injections with incomplete Freund's adjuvant were done 14, 28 and 42 d after the ®rst injection.
The antiserum was collected 8 and 15 d after the last injection. Speci®c immunoglobulins were then puri®ed by af®nity chromatography on a ConA-Sepharose column.
SDS-PAGE, immunoblotting and affinodetection
Polypeptides were separated by SDS-PAGE in a 15% polyacrylamide gel under reducing conditions (according to Laemmli, 1970) . After electrophoresis, the proteins were transferred electrophoretically onto a nitrocellulose membrane (Schleicher & Schu È ell) as described previously (Faye and Chrispeels, 1985) . Immunodetection on the blot was carried out using puri®ed antibodies speci®c for ConA as previously reported (Fitchette-Laine Â et al., 1994) . Af®nodetection of glycoproteins with high-mannose-type N-glycans was carried out using the concanavalin Auperoxidase method as described previously (Faye and Chrispeels, 1987) .
Purification of proConA under denaturating conditions A protein extract from immature seeds was applied to a ConASepharose column (10 ml) equilibrated with 50 mM sodium phosphate buffer pH 7.4 containing 1 mM CaCl 2 and 1 mM MgCl 2 . Bound material was then eluted with 0.2 M a-methyl mannoside in the same buffer. Bound proteins were separated by SDS-PAGE on preparative gels. The polyacrylamide gel band containing proConA (M r 34 kDa) was cut and the prolectin was electro-eluted for 4 h.
Deglycosylation of proConA
Deglycosylation of proConA (0.5 mg) with Endo H (10 mU) was carried out in a 0.1 M sodium acetate buffer pH 5.5, overnight at 37 8C. Free N-glycans were then separated from the polypeptide by gel ®ltration on a Bio-Gel P4 column (1 3 40 cm) equilibrated in a 10 mM sodium phosphate buffer pH 7.
Analysis of N-glycans
High pH Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) was performed on a Dionex DX500 system equipped with a GP50 gradient pump, a ED40 detector and a CarboPac PA1 column (4.6 3 250 mm). Elution of N-glycans was carried out using a linear gradient from 0±100 mM NaOAc in 100 mM NaOH at 1 ml min À1 over 30 min.
Purification and deglycosylation of native proConA Immature jack bean seeds (1±2 g fresh weight) were harvested and the microsomal fraction was immediately isolated as described previously . Native proConA was puri®ed by af®nity chromatography on ConA-Sepharose as described above. Native proConA was then desalted by gel permeation on a P4 Bio Gel column. Deglycosylation of native proConA with Endo H (10 mU) was carried out at pH 5.5 and 7.4 in phosphate buffer for 24 or 40 h at 37 8C. For digestion with a-mannosidase (Sigma) 0.25 mg native proConA was diluted in 0.5 ml of 50 mM sodium acetate buffer pH 5.8, containing 5 mM ZnSO 4 and incubated for 48 h at 37 8C with 10 U jack bean a-mannosidase. Before and after digestion fractions were analysed by SDS-PAGE, immunodetection and af®nodetection.
Lectin assay Ovalbumin-Sepharose af®nity gel was obtained by coupling puri®ed ovalbumin on CNBr-Sepharose according to the speci®cation of the manufacturer. Commercial ConA, proConA and deglycosylated proConA were preincubated overnight in 10 mM phosphate buffers pH 5.5 or 7.4 and then applied to a ovalbumin±Sepharose column (0.3 ml) in the same buffer (new gel was used for each application). Bound material was then eluted with 0.3 M a-methyl mannose. Retained and nonretained protein fractions were then analysed by SDS-PAGE.
In vitro labelling and purification of native proConA Jack bean cotyledons at mid-maturation (approximately 0.6 g fresh weight) were incubated with radioactive w 3 HxGlcNH 2 as described earlier (Spencer et al., 1980) . After 6 h of labelling at 20 8C, 1 mm slice from the radiolabelled surface of each cotyledon were cut with a razor blade and radioactive slices from cotyledons were combined and homogenized in a cold mortar in 100 mM phosphate buffer pH 7.4. Puri®cation of native proConA was carried out as described above.
Analysis of lectin activity of w HxproConA with Endo H (10 mU) was carried out in a 0.1 M, pH 5.5, sodium acetate buffer, overnight at 37 8C. Free N-glycans were then separated from the polypeptide by gel ®ltration on a Bio-Gel P4 column (1 3 40 cm) equilibrated in a 100 mM sodium phosphate buffer pH 7. The fractions were counted for radioactivity and the deglycosylated w 3 HxproConA, eluted in the void volume, was incubated at pH 5.5 or at pH 7.4 overnight at 37 8C, and then applied to a ovalbumin±Sepharose column as described above. Retained and non-retained fractions were counted for radioactivity.
Results
In planta characterization of ConA and of its precursor
The characterization of ConA and its glycoprotein precursor was achieved by af®no-and immunodetection on blots on protein extracts prepared either from mature seeds or from immature seeds collected between 32 and 43 d after¯owering (daf ). Rabbit antibodies directed against ConA were prepared by immunization with commercial ConA puri®ed by preparative SDS-PAGE and electro-elution. After a further puri®cation on a ConASepharose column, the antibodies speci®cally recognize proConA, ConA and ConA fragments in the protein extracts from both the immature and mature seeds (Fig. 1B) . The ConA fragments detected on blot, are intermediate polypeptides arising from the proteolytic cleavages of proConA during the biosynthesis of the mature ConA (Bowles et al., 1986; Chrispeels et al., 1986) . ProConA was detected only in immature seeds con®rm-ing that this precursor is completely processed to ConA in protein bodies. Proteins from immature and mature seeds were analysed by af®nodetection using the ConAuperoxidase method (Faye and Chrispeels, 1987) for detection of high-mannose-type N-glycans (Fig. 1C) .
ProConA was found to be revealed in the af®noblot which con®rms the presence of high-mannose-type glycans N-linked to the prolectin. In contrast, proConA neither reacts with anti-xylose nor with anti-fucose antibodies which indicates that the lectin precursor does not contain complex N-glycans (not shown). Furthermore, an additional polypeptide of 32 kDa is detected by ConA-antibodies in immature seeds (Fig. 1B) . This polypeptide, having a slightly higher electrophoretic mobility than proConA, was not af®no-detected in Fig. 1C . As a consequence, this additional polypeptide was assigned to the deglycosylated form of proConA.
Immunodetection with anti-ConA antibodies and af®nodetection of high-mannose-type N-glycans was carried out on microsomal and soluble fractions of immature seeds (not shown). Both the deglycosylated proConA and proConA as well as ConA were recovered in the soluble fractions. In contrast, only proConA was detected in the microsomal fraction, indicating that deglycosylation and then proteolytic maturation of the prolectin both occur in the protein storage vacuole.
N-glycosylation analysis of proConA
Denatured proConA was puri®ed from proteins isolated from immature seeds (40±50 daf) by af®nity chromatography on a Con A-Sepharose column followed by an electro-elution of the 34 kDa band from a preparative gel (Fig. 2) . Af®nity chromatography on immobilized ConA has been widely used for the puri®cation of glycoproteins bearing high-mannose type N-glycans. ProConA was found to be retained on a Con A-Sepharose column and eluted with 0.2 M a-methyl mannoside. In addition to proConA, ConA and fragments of ConA were also partially retained by af®nity. As puri®ed ConA did not bind to the af®nity gel in the same conditions (data not shown), it was concluded that in immature seeds the lectin exists in multimeric forms containing both proConA and ConA. The retention of proConA by recognition of its glycan on the af®nity column, results in the copuri®cation of associated ConA polypeptides. Final puri®cation of proConA was achieved by electro-elution from preparative SDS-PAGE resulting in a single polypeptide band immunodetected by anti-ConA antibodies and af®nodetected using the ConAuperoxidase method (Fig. 2, lane 3) .
The presence of high-mannose-type glycans N-linked to proConA was demonstrated by af®nodetection (Figs 1,  2) . Consistent with this`on blot' N-glycan characterization, deglycosylation of proConA was carried out with endoglycosidase H (Endo H), an endoglycosidase which cleaves the linkage between the two glucosamine residues of the chitobiose unit, speci®cally in high-mannose-type N-glycans. The complete deglycosylation of proConA by Endo H was con®rmed by both a shift of the polypeptide on SDS-PAGE and the disappearance of any glycan detection by the ConAuperoxidase method after Endo H treatment (not shown), indicating that only Endo H-sensitive oligosaccharides are N-linked to proConA. Free N-glycans released from proConA were isolated by gel ®ltration and analysed by High pH Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) (Fig. 3) . Two N-glycans were detected and identi®ed as the high-mannose-type Man 8 GlcNAc and Man 9 GlcNAc by comparison of their retention time with the ones of homologous structures isolated from a mammalian glycoprotein (Rayon et al., 1996) .
N-glycan accessibility in native proConA
In order to analyse the accessibility of glycans N-linked to proConA, native proConA was puri®ed in a one step procedure by af®nity chromatography of a microsomal protein extract isolated from immature seeds on a ConASepharose column. As illustrated in Fig. 4 , only native proConA was found to be retained on the gel. This indicates that the Man 8±9 GlcNAc 2 N-linked to proConA are fully accessible to the immobilized lectin. N-glycan accessibility on native proConA was also investigated by measuring their sensitivity to deglycosylating enzyme, such as a-mannosidase and Endo H. After incubation of proConA with a-mannosidase, proConA N-glycans lost their reactivity with ConA. The accessibility of N-glycans on native proConA was con®rmed after incubation Fig. 2 . Puri®cation of denaturated proConA. Crude protein extract from immature seeds (1), protein fraction retained on a ConA-Sepharose column (2) and puri®ed proConA electroeluted from preparative SDS-PAGE of the protein fraction retained on ConA-Sepharose (3) were analysed by SDS-PAGE and silver staining (Proteins), by immunodetection using antibodies speci®c for ConA (ConA) and by af®no-detection of glycoproteins with high-mannose-type N-glycans using the ConAuperoxidase method (high-mannose glycans). On the right, single arrow head corresponds to proConA and double arrow head to ConA. with Endo H (Fig. 5) . The rate of deglycosylation was estimated by SDS-PAGE after 24 h and 40 h of incubation with the enzyme. As illustrated in Fig. 5 , proConA is fully deglycosylated after denaturation and a 24 h incubation with Endo H either at pH 5.5 or at pH 7.4. When native proConA was incubated with Endo H, the ef®ciency of the deglycosylation was found to be pH dependent. Although the pH-optimun of the enzyme is at pH 5±6 (Boehringer Mannheim), Endo H appears to be less active on native proConA at pH 5.5 than at pH 7.4. This result clearly point out at pH-dependent changes in the accessibility of the core of proConA N-glycans. These changes are indirect evidence for pH-dependent conformational modi®cations of the prolectin whose N-glycans are more buried inside the protein at pH 5.5 than at pH 7.4.
Activation of proConA by deglycosylation
The major event which converts inactive proConA into active ConA has been investigated. Involvement of both deglycosylation and pH were evaluated by af®nity chromatography on ovalbumin±Sepharose. As previously reported (Bowles et al., 1986; Chrispeels et al., 1986) it was also observed here that native proConA has no af®nity for N-glycans at pH 5.5 or at pH 7.4 (Fig. 6) . The activation of proConA was investigated when deglycosylation by Endo H was performed at pH 5.5 or at pH 7. (Fig. 4, panels A and B, respectively) . On panel A (Fig. 6) , the prolectin was ®rst deglycosylated at pH 5.5 and one half of deglycosylated proConA was loaded on the ovalbumin±Sepharose column in the same pH condition, while the other half was ajusted to pH 7.4 and loaded on a second ovalbumin column previously equilibrated at pH 7.4. Results reported in Fig. 6A indicates that, as observed for glycosylated proConA, deglycosylated proConA does not show any af®nity for ovalbumin at pH 7.4. In contrast, at pH 5.5, 30±40% of the deglycosylated proConA was found to be activated into a lectin. To con®rm these results, deglycosylation was carried out at pH 7.4 (Fig. 6B) . Data obtained in these conditions con®rm that deglycosylation by itself is not suf®cient to activate proConA into an active lectin. Indeed, it is clearly illustrated that when proConA is deglycosylated at pH 7.4 and maintained at this pH during af®nity chromatography, the deglycosylated proConA does not show any af®nity for ovalbumin. In contrast, acidi®cation to pH 5.5 after deglycosylation at pH 7.4 revealed the lectin activity of deglycosylated proConA.
As proConA present N-glycans having high af®nity for ConA, self-association between the N-glycan and the lectin site of the prolectin was suggested as an explanation for absence of lectin activity in proConA (Bowles, 1993) . Fig. 5 . Sensitivity of native or denatured proConA to deglycosylation by Endo H. Native proConA was treated by Endo H at pH 5.5 (lanes 2, 3) or at pH 7.4 (lanes 4, 5) and analysed by SDS-PAGE. Lanes 6 and 7 illustrates the complete deglycosylation of SDS-denaturated proConA after a 24 h treatment by Endo H at pH 5.5 or at pH 7.4, respectively. . Analysis by af®nity chromatography on ovalbumin-Sepharose of the lectin activity of glycosylated native proConA and deglycosylated proConA at either pH 5.5 or at pH 7.4. ProConA was deglycosylated with Endo H at pH 5.5 (A) and at pH 7.4 (B). Deglycosylated proConA binding to ovalbumin was studied either at pH 5.5 or at pH 7.4. FT, total protein fraction loaded on the af®nity column; FNR, unretained fraction and FR, retained fraction on the af®nity column.
To investigate this possibility, radiolabelled proConA was prepared by incubation of immature seeds with radioactive w 3 HxGlcNH 2. Puri®ed native w 3 HxproConA was treated with Endo H and then the digest was submitted to gel permeation to separate free N-glycan from the deglycosylated prolectin. Consistent with Endo H cleavage site between the two GlcNAc residues of the chitobiose unit of N-glycans, the radioactivity was found to be divided into two equal fractions, one half of the radioactivity being retained on the deglycosylated proConA while the other half was eluted with the free Nglycans. Deglycosylated proConA was further applied to af®nity columns of ovalbumin±Sepharose either at pH 5.5 or 7.4. As observed above in Fig. 6 , about 40% of w 3 Hx-labelled deglycosylated proConA was retained on the ovalbumin column at pH 5.5 while deglycosylated proConA remained inactive at pH 7.4. These results clearly illustrate that an interaction between the lectin binding site and the glycan N-linked to the prolectin is not the reason why glycosylated proConA is inactive and deglycosylated proConA has lectin activity.
Discussion
As previously reported (Herman et al., 1985; Sheldon et al., 1998) , proConA was found to be N-glycosylated by high-mannose-type N-glycans. Analysis by HPAEC-PAD of the N-glycosylation of proConA has shown that the prolectin only bears Man 8 GlcNAc 2 and Man 9 GlcNAc 2 . These N-glycans result from the processing of the N-glycan precursor in the ER by action of a-glucosidases I and II and an ER-mannosidase (Lerouge et al., 1998) . This limited processing could result either from the absence of N-glycan maturation machinery in jack bean seeds or from a low accessibility of proConA N-glycans to Golgi processing enzymes as previously illustrated for phytohemagglutinin . Recently, the structure of the glycan N-linked to jack bean a-mannosidase was characterized as a fucosylated and xylosylated oligosaccharide (Kimura et al., 1999) . This structure results from Golgi modi®cations which indicates that jack bean seeds contain all the glycan machinery required for conversion of high-mannose-type N-glycans into highly processed oligosaccharides. As a consequence, the accessibility of the oligosaccharides N-linked to proConA by af®nity chromatography on ConA-Sepharose and by action of exo-or endoglycosidases was then investigated. Both approaches clearly show that Man 8±9 GlcNAc 2 oligosaccharides are fully accessible in native proConA at pH 7.4. However, the decreased accessibility of the core of the N-glycans to Endo H after acidi®cation to pH 5.5 indicates that changes in the prolectin folding in these pH conditions probably explains why proConA N-glycans are not maturated into complex structures when the prolectin is transported downstream by the secretory pathway. Indeed, it is generally accepted that pH decreases progressively from the ER to the Golgi apparatus, from the early to the late Golgi compartment and from the Golgi apparatus to the vacuole.
Removal of N-glycan from proConA is a key step in its conversion into an active lectin. It was previously suggested that proConA N-glycans could interact with the lectin binding site of the same or adjacent proConA monomers which could result in a self-inactivation process (Bowles, 1993) . In this study using proConA labelled in the chitobiose unit of N-glycans it has been shown that glycans are not associated to the prolectin through linkages other than Endo H-sensitive ones between high-mannose oligosaccharides and Asn residues.
Several modi®cations such as post-translational proteolytic cleavages and ligation of peptides occurs in addition to deglycosylation when the prolectin is maturated into the active ConA. The in vitro activation of proConA after deglycosylation (Sheldon and Bowles, 1992) has focused the interest on the deglycosylation event in the proConA activation process. This study illustrates from a detailed glycan structural analysis and from glycosidase treatments that not only PNGases but also Endo H-type enzymes are suf®cient to deglycosylate native proConA. Indeed, PNGases will generally cleave all N-glycan types from glycoproteins while Endo H greater speci®city for high-mannose oligosaccharides is also perfectly consistent with the cleavage of Man 8±9 GlcNAc 2 N-glycans identi®ed on proConA. Both Endo H and PNGase activities have been characterized in jack bean (Yet and Wold, 1988) . In planta deglycosylation of proConA by an Endo H-type enzyme looks more consistent than a deglycosylation with a PNGase-type enzyme. Indeed, native glycoproteins harbouring highmannose-type N-glycans, and particularly proConA as illustrated in this study, are ef®ciently deglycosylated by Endo H. This is not the case with PNGase-type enzymes which are mostly active on glycopeptides and cleave N-glycans from native glycoproteins with a low ef®ciency (Taga et al., 1984) . While it requires a high number of processing events involving deglycosylation, proteolysis and post-translational ligation of peptides, proConA processing to mature ConA is a very fast procedure which is not consistent with an in vivo deglycosylation depending on a low ef®ciency enzyme such as PNGase when this enzyme has native glycoproteins as substrates.
Interestingly, it has been shown that removal of the N-glycan from proConA is not suf®cient to activate the lectin precursor. Indeed, while glycosylated proConA has no lectin activity either at pH 5.5 or at pH 7.4, deglycosylated proConA is converted into an active lectin only at pH 5.5 while it remains inactive when it is deglycosylated and kept at pH 7.4. This result and the differences in the N-glycan accessibility observed in the same pH range indicate that removal of the proConA N-glycan is necessary to refold the precursor into an active lectin. However, proConA deglycosylation is not suf®cient to reveal the lectin activity when the pH conditions are not in the range of vacuolar content. Such an activation could be related to a dimer±tetramer equilibrium of the deglycosylated proConA in pH 5±7 range as observed for mature ConA (McKenzie et al., 1972) .
The recent expression of proConA in transgenic BY2 tobacco cells will help to characterize whether the prolectin maturation machinery is speci®c to jack bean or is highly conserved in plants as shown for deglycosylating enzymes such as PNGases and endoglycosidases.
